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ABSTRACT
The overwhelming foreground contamination is one of the primary impediments to probing the Epoch
of Reionization (EoR) through measuring the redshifted 21 cm signal. Among various foreground
components, radio halos are less studied and their impacts on the EoR observations are still poorly
understood. In this work, we employ the Press–Schechter formalism, merger-induced turbulent reaccel-
eration model, and the latest SKA1-Low layout configuration to simulate the SKA “observed” images
of radio halos. We calculate the one-dimensional power spectra from simulated images and find that
radio halos can be about 104, 103, and 102.5 times more luminous than the EoR signal on scales of
0.1 Mpc−1 < k < 2 Mpc−1 in the 120–128, 154–162, and 192–200 MHz bands, respectively. By exam-
ining the two-dimensional power spectra inside properly defined EoR windows, we find that the power
leaked by radio halos can still be significant, as the power ratios of radio halos to the EoR signal on
scales of 0.5 Mpc−1 . k . 1 Mpc−1 can be up to about 230–800%, 18–95%, and 7–40% in the three
bands when the 68% uncertainties caused by the variation of the number density of bright radio halos
are considered. Furthermore, we find that radio halos located inside the far side lobes of the station
beam can also impose strong contamination within the EoR window. In conclusion, we argue that
radio halos are severe foreground sources and need serious treatments in future EoR experiments.
Keywords: dark ages, reionization, first stars — early universe — galaxies: clusters: intracluster
medium — methods: data analysis — techniques: interferometric
1. INTRODUCTION
The Epoch of Reionization (EoR; z ∼ 6–15) refers to
a period of our universe preceded by the Cosmic Dawn
(z ∼ 15–30) and the Dark Ages (z ∼ 30–200) and is
expected to last from about 300 million to about 1 bil-
lion years after the big bang (see Koopmans et al. 2015
Corresponding author: Haiguang Xu
hgxu@sjtu.edu.cn
liweitianux@sjtu.edu.cn
and references therein). During the EoR, the reioniza-
tion of neutral hydrogen (H i), which was caused pri-
marily by the ultraviolet and soft X-ray photons emit-
ted from the first-generation celestial objects, efficiently
surpassed the cooling of the gas (Dayal & Ferrara 2018).
As a result, the majority of baryonic matter was again in
a highly ionized state. Comparing with the observations
of distant quasars and cosmic microwave background
(CMB), which have provided some important but loose
constraints on the reionization process (see Fan et al.
2006 for a review), the 21 cm line emission of H i that
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is redshifted to frequencies below 200 MHz is regarded
as the decisive probe to directly explore the EoR (see
Furlanetto et al. 2006; Zaroubi 2013; Furlanetto 2016,
for reviews).
In order to probe the EoR, a number of radio in-
terferometers working at the low-frequency radio bands
(∼50–200 MHz) have been designed to target the red-
shifted 21 cm signal, among which there are the Square
Kilometre Array (SKA; Mellema et al. 2013; Koopmans
et al. 2015), the Hydrogen Epoch of Reionization Ar-
ray (HERA; DeBoer et al. 2017), and their pathfind-
ers, such as the LOw Frequency ARray (LOFAR; van
Haarlem et al. 2013), the Murchison Widefield Array
(MWA; Bowman et al. 2013; Tingay et al. 2013), the
Precision Array for Probing the Epoch of Reionization
(PAPER; Parsons et al. 2010), and the 21 CentiMeter
Array (21CMA; Zheng et al. 2016). The challenges met
in these experiments, however, are immense due to a
variety of complicated instrumental effects, ionospheric
distortions, radio frequency interference, and the strong
celestial foreground contamination that overwhelms the
redshifted 21 cm signal by about four to five orders of
magnitude (see Morales & Wyithe 2010, for a review).
Among various contaminating foreground compo-
nents, the Galactic diffuse radiation (including both the
synchrotron and free-free emissions) and extragalactic
point sources are the most prominent and contribute the
majority of the foreground contamination (e.g., Shaver
et al. 1999; Di Matteo et al. 2004; Gleser et al. 2008;
Liu & Tegmark 2012; Murray et al. 2017; Spinelli et al.
2018). At about 150 MHz, it is estimated that they may
account for about 71% and 27% of the total foreground
contamination, respectively (Shaver et al. 1999). Most
of the remaining foreground contamination arises from
the emission from the extragalactic diffuse sources that
include the large-scale filaments embedded in cosmic
webs (e.g., Vazza et al. 2015), the intergalactic medium
located at cluster outskirts (e.g., Keshet et al. 2004), and
the intracluster medium (ICM) of galaxy clusters (radio
halos, relics, and mini-halos; e.g., Feretti et al. 2012).
There is only limited observational evidence, especially
in the low-frequency regime, of these diffuse sources.
Among them, radio halos have gained relatively more
observational constraints and theoretical understanding,
which enables us to effectively evaluate their contami-
nation on the EoR observations.
First discovered in the Coma cluster (Large et al.
1959), radio halos have been observed in about 80 merg-
ing galaxy clusters, exhibiting relatively regular mor-
phologies and about Mpc spatial extensions. It should
be noted that the angular sizes of radio halos appear to
be several to tens of arcminutes, which coincide with
those of the ionizing bubbles during the EoR. This,
complemented by the potentially large number (several
to tens of thousands in the whole sky) of radio halos
to be revealed by the forthcoming low-frequency radio
telescopes (e.g., Cassano et al. 2015), indicates that ra-
dio halos might be important contaminating foreground
sources (e.g., Di Matteo et al. 2004; Gleser et al. 2008).
As of today, however, only very few works have been
dedicated to this topic and are all based on relatively
straightforward modeling methods, such as using the
1.4 GHz radio flux function or radio–X-ray scaling re-
lations that are barely constrained by the very limited
observations (e.g., Gleser et al. 2008; Jelic´ et al. 2008).
In this work, we focus on the radio halos and employ
a semi-analytic approach to derive their low-frequency
emission maps with the SKA1-Low’s instrumental ef-
fects incorporated. By making use of the power spectra
and the EoR window, the contamination of radio halos
on the EoR observations is quantitatively evaluated for
both foreground removal and avoidance methods, which
are the two major categories of methods that proposed
to tackle the foreground contamination (see Chapman
et al. 2016 and references therein).
This paper is prepared as follows. In Section 2,
we simulate the low-frequency radio sky, where a semi-
analytic simulation of radio halos is developed by em-
ploying the Press–Schechter formalism and turbulent
reacceleration model. In Section 3, we adopt the latest
SKA1-Low layout configuration to incorporate the prac-
tical instrumental effects into the simulated sky maps.
We briefly introduce the power spectra and the EoR
window in Section 4 and then quantitatively evaluate
the contamination caused by radio halos on the EoR
measurements in Section 5. In Section 6, we discuss
how the EoR detection is affected by radio halos due
to the instrumental frequency artifacts and the far side
lobes of the station beam. Finally, we summarize our
work in Section 7. Throughout this work we adopt a flat
ΛCDM cosmology with H0 = 100h = 71 km s
−1 Mpc−1,
Ωm = 0.27, ΩΛ = 1−Ωm = 0.73, Ωb = 0.046, ns = 0.96,
and σ8 = 0.81. The quoted uncertainties are at 68%
confidence level unless otherwise stated.
2. SIMULATION OF RADIO SKY
Based on our previous works (Wang et al. 2010,
2013), we have developed the FG21sim1 software to sim-
ulate the low-frequency radio sky by taking into account
the contributions of our Galaxy, extragalactic point
sources, and radio halos in galaxy clusters. We choose
three representative frequency bands, namely 120–128,
1 FG21sim: https://github.com/liweitianux/fg21sim
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154–162, and 192–200 MHz, and perform simulations for
a sky patch of size 10◦ × 10◦. The 8 MHz bandwidth is
chosen to limit the effect of cosmological evolution of the
EoR signal when calculating power spectra (e.g. Wyithe
& Loeb 2004; Thyagarajan et al. 2013). The simulated
sky maps are pixelized into 1800× 1800 with a pixel size
of 20′′.
2.1. Radio Halos in Galaxy Clusters
As a significant improvement over our past works
(Wang et al. 2010, 2013), we model the radio halos in
galaxy clusters by employing the Press–Schechter for-
malism and turbulent reacceleration model, which was
pioneered by Brunetti et al. (2001) and Petrosian (2001)
and further developed in many works (e.g., Fujita et al.
2003; Brunetti et al. 2004; Cassano & Brunetti 2005;
Brunetti & Lazarian 2007, 2011) to explain the observed
properties and formation of radio halos (see Brunetti &
Jones 2014 for a recent review). In the framework of
reacceleration model, relativistic electrons in the ICM
are reaccelerated by the turbulence generated in merger
events via the second-order Fermi process, and lose ener-
gies due to mechanisms including synchrotron radiation,
inverse Compton scattering off the CMB photons, and
Coulomb collisions with the thermal ICM. For a galaxy
cluster, we first simulate its merging history according
to the extended Press–Schechter theory and then derive
the temporal evolution of the relativistic electron spec-
trum by applying the reacceleration model. Finally, the
radio halo associated with the galaxy cluster is identified
and its synchrotron radiation is determined.
2.1.1. Mass Function
The Press–Schechter formalism was originally ad-
vanced as one of the standard methods to predict the
mass function of galaxy clusters and their evolution in
the universe (Press & Schechter 1974) and has been ex-
tended to combine with the cold dark matter (CDM)
models (e.g., Bond et al. 1991; Lacey & Cole 1993).
In this formalism, the number of galaxy clusters per
unit of comoving volume at redshift z in the mass range
[M,M + dM ] is
n(M, z) dM =
√
2
pi
〈ρ〉
M
δc(z)
σ2(M)
∣∣∣∣dσ(M)dM
∣∣∣∣
× exp
[
− δ
2
c (z)
2σ2(M)
]
dM, (1)
where M is the virial mass of galaxy clusters, 〈ρ〉 is the
current mean density of the universe, δc(z) is the critical
linear overdensity for a region to collapse at redshift
z [see Equation (A1)], and σ(M) is the current root-
mean-square (rms) density fluctuations within a sphere
of mean mass M .
Considering the CDM model and the mass range cov-
ered by galaxy clusters, it is reasonable to adopt the
following power-law distribution for the density pertur-
bations (Randall et al. 2002; Sarazin 2002)
σ(M) = σ8
(
M
M8
)−α
, (2)
where σ8 is the current rms density fluctuation on a
scale of 8h−1 Mpc, M8 = (4pi/3)(8h−1 Mpc)3〈ρ〉 is the
mass contained in a sphere of radius 8h−1 Mpc, and the
exponent α = (n + 3)/6 with n = −7/5 (Randall et al.
2002) is related to the fluctuation pattern whose power
spectrum varies with wave number k as kn.
With a minimum galaxy cluster mass of Mmin =
2× 1014 M and a maximum redshift cut at zmax = 4,
we apply Equation (1) and calculate that the total num-
ber of galaxy clusters in a 10◦ × 10◦ sky patch is 504.
Then the galaxy cluster sample is built by randomly
drawing mass and redshift pairs (Msim, zsim) from the
mass and redshift distributions as shown in Figure 1,
which are determined by the Press–Schechter mass func-
tion [Equation (1)].
2.1.2. Merging History
The extended Press–Schechter theory outlined in
Lacey & Cole (1993) provides a way to describe the
growth history of galaxy clusters in terms of the merger
tree. In order to build the merger tree for a galaxy
cluster, we start with its “current” mass Msim and red-
shift zsim obtained in Section 2.1.1, and trace its growth
history back in time by running Monte Carlo simula-
tions to randomly determine the mass change ∆M at
each step, which may be regarded either as a merger
event (if ∆M > ∆Mc) or as an accretion event (if
∆M ≤ ∆Mc). Since radio halos are usually associated
with major mergers, we choose ∆Mc = 10
13 M (e.g.,
Cassano & Brunetti 2005).
We assume that, during each growth step, the cluster
mass increases from M1 at time t1 to M2 at a later time
t2 (> t1). Given M2 and t2, the conditional probability
of the cluster had a progenitor of mass in the range
[M1,M1 + dM1] at an earlier time t1 can be expressed
as
Pr(M1, t1|M2, t2) dM1 = 1√
2pi
M2
M1
δc1 − δc2
(σ21 − σ22)3/2
×
∣∣∣∣ dσ21dM1
∣∣∣∣ exp[− (δc1 − δc2)22(σ21 − σ22)
]
dM1, (3)
where δci ≡ δc(ti), σi ≡ σ(Mi), and i = 1, 2 are used to
denote parameters defined at time t1 and t2, respectively
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Figure 1. The mass (upper panel) and redshift (lower panel)
histograms of the simulated galaxy clusters in a 10◦ × 10◦
sky patch. The solid lines and shaded regions represent the
means and 68% uncertainties derived from 500 simulation
runs, respectively.
(Lacey & Cole 1993; Randall et al. 2002). By further
introducing S ≡ σ2(M) and ω ≡ δc(t), this equation
reduces to
Pr(∆S,∆ω) d∆S =
1√
2pi
∆ω
(∆S)3/2
exp
[
− (∆ω)
2
2∆S
]
d∆S.
(4)
In order to resolve mergers with a mass change
∆Mc  M during the backward tracing of a galaxy
cluster, a time step ∆t (i.e., ∆ω) that satisfies
∆ω . ∆ωmax =
[
S
∣∣∣∣d lnσ2d lnM
∣∣∣∣ (∆McM
)]1/2
(5)
is required (Lacey & Cole 1993), and we adopt an adap-
tive step of ∆ω = ∆ωmax/2 (Randall et al. 2002). At
a certain step when ∆ω is given, the mass change ∆S
can be randomly drawn from the following cumulative
probability distribution of subcluster masses
Pr(<∆S,∆ω) =
∫ ∆S
0
Pr(∆S′,∆ω) d∆S′ (6)
= 1− erf
(
∆ω√
2∆S
)
, (7)
where erf(x) = (2/
√
pi)
∫ x
0
e−t
2
dt is the error function.
Then, the cluster’s progenitor mass M1 is obtained as
S1 = S2 + ∆S.
Given that observable radio halos are regarded to be
associated with recent (in the observer’s frame) major
mergers and have typical lifetimes of τhalo . 1 Gyr at
1.4 GHz (e.g., Brunetti et al. 2009; Cassano et al. 2016),
we trace the merging history of each galaxy cluster for
tback = 3 Gyr from its “current” age tsim (corresponding
to zsim). For each built merger tree, we extract the
information of all the mergers associated with the main
cluster to carry out the subsequent simulation of radio
halos. As shown in the upper panel of Figure 2, we took
one galaxy cluster of mass 1015 M as an example and
repeated the random merger tree build process for 30
times. We also randomly drew 30 galaxy clusters from
the sample constructed in Section 2.1.1 and built one
merger tree instance for each galaxy cluster, as shown
in the lower panel.
2.1.3. Evolution Modeling
According to the reacceleration model, there exists a
population of primary (or fossil) high-energy electrons,
which permeate the ICM and are thought to be injected
by multiple processes, such as active galactic nucleus
(AGN) activities and star formations (see Blasi et al.
2007 for a review). When a cluster experiences a major
merger, the turbulence is generated throughout the ICM
and can accelerate the primary electrons to be highly rel-
ativistic, resulting in the observed radio halo. On the
other hand, relativistic electrons in the ICM lose en-
ergy via mechanisms that include synchrotron radiation,
inverse Compton scattering off the CMB photons, and
Coulomb collisions (Sarazin 1999). For a population of
electrons with isotropic energy distribution, the tempo-
ral evolution of the number density distribution n(γ, t)
is governed by the following Fokker–Planck diffusion–
advection equation (Eilek & Hughes 1991; Schlickeiser
2002)
∂n(γ, t)
∂t
=
∂
∂γ
[
n(γ, t)
(∣∣∣∣dγdt
∣∣∣∣− 2γDγγ(γ, t)
)]
+
∂
∂γ
[
Dγγ
∂n(γ, t)
∂γ
]
+Qe(γ, t), (8)
where γ is the Lorentz factor of electrons, Dγγ(γ, t)
is the diffusion coefficient describing the interactions
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Figure 2. (Upper) Merger trees for one galaxy cluster
of mass 1015 M obtained by repeating the random build
process for 30 times. (Lower) Example merger trees for 30
galaxy clusters randomly drawn from the sample constructed
in Section 2.1.1. Asterisks mark merger events and dots rep-
resent accretion events.
between the turbulence and electrons, |dγ/dt| is the
energy-loss rate, and Qe(γ, t) describes the electron in-
jection.
a. Thermal Properties of the ICM
The number density of thermal electrons nth in the
ICM can be calculated as
nth ' 3fgasMvir
4piµmu r3vir
, (9)
where µ ' 0.6 is the mean molecular weight (e.g., Et-
tori et al. 2013), mu is the atomic mass unit, Mvir is the
cluster’s virial mass, rvir is the virial radius [see Equa-
tion (A5)], and fgas ' Ωb/Ωm is the assumed gas mass
fraction. Then, the corresponding ICM thermal energy
density th is given by
th =
3
2
nthkBTcl. (10)
The ICM mean temperature Tcl is approximately given
by
Tcl ' Tvir + 3
2
Tout (11)
(Cavaliere et al. 1998), where Tvir = µmuGMvir/(2 rvir)
is the virial temperature and Tout ' 0.5 keV is the tem-
perature of the gas flowing into the cluster from its out-
skirts (Fujita et al. 2003).
b. Electron Injection
As primary electrons are continuously injected into
the ICM via multiple processes, it is reasonable to as-
sume an average injection rate and a power-law spec-
trum for the electron injection process (e.g., Cassano &
Brunetti 2005; Donnert & Brunetti 2014), i.e.,
Qe(γ, t) ' Qe(γ) = Ke γ−s, (12)
where the spectral index s is adopted to be 2.5 (Cassano
& Brunetti 2005). Moreover, the energy density of the
injected electrons can be assumed to account for a frac-
tion (ηe) of the ICM thermal energy density (Cassano
& Brunetti 2005), i.e.,
τcl
∫ γmax
γmin
Qe(γ
′)γ′e dγ′ = ηe th, (13)
where τcl ' tsim is the cluster’s age at its “current”
redshift zsim, and e = mec
2 is the electron’s rest energy.
Given γmin  γmax, the injection rate Ke is derived to
be
Ke ' (s− 2) ηe th
e τcl
γs−2min . (14)
c. Stripping Radius
When a subcluster merges into the main cluster, the
gas at its outer regions is stripped due to the ram pres-
sure (Gunn & Gott 1972). The stripping radius rs
of the subcluster, outside which the stripping is effi-
cient, can be obtained from the equipartition between
the ram pressure and the hydrostatic pressure (Cassano
& Brunetti 2005), i.e.,
ρ¯mv
2
imp =
ρs(rs)
µmu
kBTcl,s, (15)
where ρ¯m = µmunth,m is the mean gas density of the
main cluster, vimp is the impact velocity of the two merg-
ing clusters, and ρs(r) and Tcl,s are the gas density pro-
file and temperature of the subcluster, respectively.
Starting from a sufficiently large distance with zero
velocity, the impact velocity vimp of two merging clusters
with masses Mvir,m and Mvir,s is given by
vimp '
[
2G(Mvir,m +Mvir,s)
rvir,m
(
1− 1
ηv
)]1/2
, (16)
where ηv ' 4 (1 +Mvir,s/Mvir,m)1/3 (Sarazin 2002; Cas-
sano & Brunetti 2005).
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The gas density profile ρs(r) can be well approx-
imated with a standard β-model (Cavaliere & Fusco-
Femiano 1976):
ρs(r) = ρs(0)
[
1 + (r/rc,s)
2
]−3β/2
, (17)
where rc,s and β are the core radius and slope param-
eter, respectively, and we adopt rc,s = 0.1 rvir,s (e.g.,
Sanderson & Ponman 2003) and β = 2/3 (e.g., Jones &
Forman 1984). The central gas density ρs(0) can then be
determined by the total gas mass (Mgas,s = fgasMvir,s).
d. Turbulent Acceleration
The details of interactions between the turbulence
and both thermal and relativistic particles are compli-
cated and still poorly understood. Among several par-
ticle acceleration mechanisms that can be potentially
triggered by the turbulence, the most important one is
the transit time damping process, i.e., the turbulence
dissipates its energy and accelerates particles by inter-
acting with the relativistic particles (e.g., cosmic rays)
in the ICM (Brunetti & Lazarian 2007, 2011, and ref-
erences therein). The associated diffusion coefficient is
derived to be (Miniati 2015; Pinzke et al. 2017)
Dγγ = 2γ
2ζ kL
〈(δvt)2〉2
χcr c3s
, (18)
where ζ is an efficiency factor characterizing the ICM
plasma instabilities (e.g., due to spatial or temporal in-
termittency), χcr = cr/th is the relative energy den-
sity of cosmic rays with respect to the thermal ICM,
kL ' 2pi/rturb is the turbulence injection scale with rturb
being the radius of the turbulence region, 〈(δvt)2〉 is the
turbulence velocity dispersion, and cs is the sound speed
in the ICM
cs =
√
γgaskBTcl/(µmu) (19)
with γgas = 5/3 being the adiabatic index of ideal
monatomic gas.
In addition to mergers, mechanisms such as outflows
from AGNs and galactic winds can introduce turbulence
in the ICM, which is found to account for . 5% of the
thermal energy in the central regions of relaxed clusters
(e.g., Vazza et al. 2011). Therefore, the base velocity
dispersion 〈(δv0)2〉 of the turbulence in the absence of
mergers is
〈(δv0)2〉 = 3χturb kBTcl,m
µmu
, (20)
where χturb is the ratio of energy density between the
base turbulence and the thermal ICM. A merger will
contribute a significant part of its energy to the turbu-
lence and greatly increase the turbulence velocity dis-
persion 〈(δvt)2〉, which leads to
Eturb =
1
2
Mturb〈(δvt)2〉 = 1
2
Mturb〈(δv0)2〉+ ηtEm,
(21)
where Em is the energy injected by the subcluster during
the merger, ηt is the fraction of injected energy (Em)
transferred into turbulent waves, and Mturb is the gas
mass enclosed in the turbulence region of radius rturb,
i.e.,
Mturb =
∫ rturb
0
ρ(r)4pir2 dr, (22)
where ρ(r) is the gas density profile of the merged cluster
characterized by the β-model [see Equation (17)]. The
injected energy Em is approximated as the work done
by the infalling subcluster, i.e.,
Em ' ρ¯mv2impVturb, (23)
with Vturb ' pir2s rvir,m being the swept volume (Fujita
et al. 2003; Cassano & Brunetti 2005). Therefore, the
turbulence velocity dispersion during a merger is ob-
tained as
〈(δvt)2〉 = 〈(δv0)2〉+ 2pi ηt ρ¯mrvir,m
r2sv
2
imp
Mturb
. (24)
One remaining parameter is the turbulence region
radius rturb, which is estimated to be
rturb = rs + rc,m, (25)
where rc,m = 0.1 rvir,m is the core radius of the main
cluster, and rs is the stripping radius of the subclus-
ter [see Equation (15)] with a value of ∼ 1–2 rc,m for
major mergers (Mvir,m/Mvir,s . 3) and < rc,m for mi-
nor mergers (Mvir,m/Mvir,s ∼ 3–10). This assumption is
well consistent with previous simulation studies, which
show that mergers introduce turbulence in regions of ra-
dius about 0.1–0.3 rvir,m (e.g., Vazza et al. 2011, 2012;
Miniati & Beresnyak 2015). We note that minor merg-
ers can also generate a relatively large turbulence region
of radius about rc,m due to the core gas sloshing induced
by the infalling subcluster (Vazza et al. 2012). However,
the generated turbulence by a minor merger is rather
weak because the injected energy Em is much less than
a major one [see Equation (23)].
e. Energy Losses
Among the mechanisms through which relativistic
electrons in the ICM can lose energy, we take into ac-
count the following three major mechanisms in this work
(Sarazin 1999). The first one is the inverse Compton
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scattering off the CMB photons, the energy-loss rate of
which is(
dγ
dt
)
IC
= −4.32× 10−4 γ2(1 + z)4 [Gyr−1]. (26)
Secondly, with the µG-level magnetic field permeat-
ing the ICM (e.g., Govoni & Feretti 2004; Ryu et al.
2008), relativistic electrons will produce synchrotron ra-
diation and lose energy at a rate of(
dγ
dt
)
syn
= −4.10× 10−5 γ2
(
B
1µG
)2
[Gyr−1],
(27)
where B is the magnetic field strength. We assume
that the magnetic field is uniform and its energy den-
sity reaches equipartition with that of cosmic rays, i.e.,
B = B
2/(8pi) ' cr = χcr th (Beck & Krause 2005).
The last mechanism considered is that relativis-
tic electrons interact with the thermal electrons via
Coulomb collisions, the energy-loss rate of which is(
dγ
dt
)
Coul
= −3.79× 104
( nth
1 cm−3
)
×
[
1 +
1
75
ln
(
γ
1 cm−3
nth
)]
[Gyr−1]. (28)
The inverse Compton scattering and synchrotron ra-
diation dominate the energy losses at the high-energy
regime (γ & 1000), while Coulomb collisions are the
main energy-loss mechanism for electrons with lower en-
ergies (γ . 100). Therefore, electrons with intermediate
energies (e.g., γ ∼ 300) have a long lifetime (∼3 Gyr)
and can accumulate in the ICM as the cluster grows
(Sarazin 1999).
2.1.4. Numerical Implementation
In order to solve the Fokker–Planck equation [Equa-
tion (8)], we apply an efficient numerical method pro-
posed by Chang & Cooper (1970) and adopt the no-flux
boundary condition (Park & Petrosian 1996). To avoid
the unphysical pile up of electrons around the lower
boundary caused by the boundary condition, we define a
buffer region below γbuf , within which the spectral data
are replaced by extrapolating the data above γbuf as a
power-law spectrum (Donnert & Brunetti 2014). We
adopt a logarithmic grid with 256 cells for γ ∈ [1, 106],
and let the buffer region span 10 cells.
By making use of the same Fokker–Planck equa-
tion but with the merger-induced turbulent accelera-
tion turned off [i.e., Em ≡ 0 and 〈(δvt)2〉 ≡ 〈(δv0)2〉 in
Equation (21)], the initial electron spectrum ne(γ, t0) is
derived by evolving the accumulated electron spectrum
n˜e(γ) = Qe(γ) τ0 for 1 Gyr (e.g., Brunetti & Lazarian
2007), where τ0 is the cluster’s age at the beginning of
the earliest merger.
Although the whole process of a single merger can
last for about 2–3 Gyr (e.g., Tormen et al. 2004; Cassano
et al. 2016), the period during which the turbulence is
intense enough to effectively accelerate electrons is rel-
atively short. An appropriate estimation of the turbu-
lent acceleration period is τturb ' 2 rturb/vimp (Miniati
2015).
A galaxy cluster may experience multiple mergers
in the past tback = 3 Gyr. For each merger event(
M
(i)
vir,m,M
(i)
vir,s, t
(i)
begin
)
, where t
(i)
begin denotes the begin-
ning time of this merger, it can induce effective turbu-
lent acceleration (i.e., being active) during the period[
t
(i)
begin, t
(i)
end
]
with t
(i)
end = t
(i)
begin + τ
(i)
turb being the time
when this merger becomes inactive. At other times (i.e.,
no active merger), only the base turbulence contributes
to the acceleration of electrons, which, however, is in-
sufficient to balance the energy loss due to synchrotron
radiation and inverse Compton scattering.
Over the history of a galaxy cluster that has multi-
ple mergers, the turbulence region has a different radius
during different mergers. To take this variation into ac-
count, we identify the radius of the largest turbulence
region (Rturb) and properly diffuse the electron spec-
trum to the sphere of radius Rturb for mergers with a
smaller turbulence region. Specifically, for a merger that
is active during
[
t
(i)
begin, t
(i)
end
]
and has a turbulence re-
gion of radius r
(i)
turb, the accelerated part of the electron
spectrum during this merger [i.e., the difference between
spectra at t
(i)
end and at t
(i)
begin] is rescaled by a volume ratio
given by
Rvol =
[
r
(i)
turb
/
Rturb
]3
. (29)
Once the desired electron spectrum ne(γ, t) is ob-
tained, the synchrotron emissivity at a frequency ν is
given by
J(ν) =
√
3 e3B
mec2
∫ γmax
γmin
∫ pi/2
0
ne(γ, t)F (ν/νc) sin
2θ dθ dγ
(30)
(Rybicki & Lightman 1979), where c is the speed of
light, e is the elementary charge, θ is the pitch angle
of electrons with respect to the magnetic field, νc =
(3/2) γ2νL sin θ is the electron’s critical frequency with
νL = eB/(2pimec) being the Larmor frequency, and F (·)
is the synchrotron kernel:
F (x) = x
∫ ∞
x
K5/3(y) dy, (31)
where K5/3(·) is the modified Bessel function of order
5/3.
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Figure 3. The temporal evolution of the electron and synchrotron emission spectra for an example cluster with one major
merger, which begins at redshift z = 0.3 (i.e., t ' 10.3 Gyr) and is tracked until z = 0.15 (i.e., t ' 11.8 Gyr). (a) The
relativistic electron spectra (solid lines) and the corresponding reference electron spectra (dashed lines; see Section 2.1.5). (b)
The synchrotron emission spectra (solid lines) and the corresponding reference synchrotron spectra (dashed lines). (c) The
variation of 158 MHz (solid blue line) and 1400 MHz (solid purple line) synchrotron emissivity as well as the corresponding
reference emissivity (dashed lines) with time. (d) The temporal variation of spectral indices at 158 MHz (blue line) and
1400 MHz (purple line). Shaded regions show the periods during which the radio halo exists (see Section 2.1.5). Asterisks mark
the time points corresponding to the spectra presented in panels (a) and (b).
In Figure 3, we present the temporal evolution of
the relativistic electron and synchrotron emission spec-
tra for an example galaxy cluster with one major merger.
The cluster has a mass of 1015 M and merges with a
subcluster of mass 6× 1014 M at redshift z = 0.3 (i.e.,
t ' 10.3 Gyr), from which we solve the Fokker–Planck
equation to track the electron and synchrotron emission
spectra until redshift z = 0.15 (i.e., t ' 11.8 Gyr). As
demonstrated in this figure, the merger-induced turbu-
lence is active for a period of τturb ' 0.67 Gyr and effi-
ciently accelerates electrons to extremely high energies
(γ & 104), which gives rise to the radio halo even at high
frequencies (> GHz). However, once the turbulence be-
comes inactive (t > 10.9 Gyr), the high-energy electrons
quickly lose energy and the radio halo fades out shortly,
especially at high frequencies.
2.1.5. Halo Identification and Size
Radio halos cannot form or will rapidly disappear
if there is no active turbulent acceleration. In order
to determine whether or not there exists a radio halo
at frequency ν, we employ the following two criteria:
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(1) the synchrotron emissivity J(ν) of the final elec-
tron spectrum ne(γ, tsim) is at least 1000 times larger
than the emissivity J ′(ν) of the reference electron spec-
trum n′e(γ, tsim), which is obtained by solving the identi-
cal Fokker–Planck equation but without merger-induced
turbulent acceleration, similar to the way of deriving the
initial electron spectrum (Section 2.1.4); (2) the spectral
index2 at frequency ν satisfies αν ≤ 3. For the exam-
ple as shown in Figure 3(c,d), a radio halo is identified
from about 10.6 to 11.0 Gyr at 1.4 GHz and from about
10.5 to 11.3 Gyr at 158 MHz. The spectral indices at
1.4 GHz and 158 MHz reach about 2.1 and 1.0, respec-
tively. These results demonstrate that radio halos have
longer lifetimes at low frequencies and thus we expect to
observe more radio halos in low-frequency radio bands.
We note that the 1.4 GHz spectral index (α1400 ∼ 2.1) is
slightly larger than the general result from observations,
because we calculate the spectral index around a specific
frequency while observed spectral indices are generally
obtained from two separated frequencies (e.g., 0.3 and
1.4 GHz; Feretti et al. 2012).
Previous studies (e.g., Cassano et al. 2007; Basu
2012) have shown that the radius of radio halos (rhalo)
increases nonlinearly with the cluster’s virial radius
(rvir), which may be caused by the distributions of rel-
ativistic electrons and magnetic fields (e.g., Dolag et al.
2002). Therefore, we assume the following scaling rela-
tion for rhalo:
rhalo = frRturb
(
rvir
rvir,∗
)b
, (32)
where Rturb is the radius of the largest turbulence region
as also used in Equation (29), rvir,∗ is the virial radius
of a reference cluster of mass 1015 M, and fr and b are
the scaling normalization and slope, respectively. After
comparing with the observed scaling relation of rhalo ∝
r2.63±0.50vir (Cassano et al. 2007), we obtain fr = 0.7 and
b = 1.8.
Then, the power of a radio halo at frequency ν is
P (ν) =
4pi
3
r3haloJ(ν), (33)
and the flux density at the same frequency is
S(ν) =
(1 + zsim)P (ν(1 + zsim))
4piD2L(zsim)
, (34)
where DL(zsim) is the luminosity distance to the halo,
and the factor (1 + zsim) accounts for the K correction
(e.g., Hogg 1999).
2 We adopt a power-law spectrum of form J(ν) ∝ ν−α.
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Figure 4. Simulated scaling relation between the radio
halo power at 1.4 GHz (P1400) and the cluster mass (Mvir).
Blue asterisks mark the observation data from Cassano et al.
(2013). Purple dots represent the results of 500 simulation
runs and the dashed red line shows the fitted relation of
P1400 ∝M3.94±0.12vir .
2.1.6. Model Parameters and Results
Our model has the following parameters: (1) ηe, the
ratio of the energy density of injected electrons to the
thermal energy density; (2) ηt, the fraction of the merger
energy transferred into the turbulence; (3) χcr, the rel-
ative energy density of cosmic rays to the thermal com-
ponent; (4) χturb, the relative energy density of the base
turbulence; (5) ζ, the efficiency of the ICM plasma in-
stabilities. Since currently no reasonable constraints on
these parameters can be obtained from either observa-
tional or theoretical studies, it is necessary to tune them
to make the model predictions (e.g., the halo flux func-
tion, the scaling relation between the halo power and
the hosting cluster mass) consistent with observations.
We perform two comparisons between our simula-
tions and observations. The first comparison involves
the observed scaling relation between the radio halo
power at 1.4 GHz (P1400) and the cluster mass (Mvir).
We make use of the observation data presented by
Cassano et al. (2013), who reported a scaling rela-
tion of P1400 ∝ M3.70±0.56500 . We convert their mass
M500 to virial mass by assuming an NFW density pro-
file (Navarro et al. 1997) and employing the mass–
concentration relation derived by Duffy et al. (2008).
Second, we compare the 1.4 GHz all-sky integrated flux
function between the simulated radio halos and obser-
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Figure 5. The 1.4 GHz all-sky integrated flux function com-
parison between the observed (dashed red line) and simu-
lated (solid purple line) radio halos. The dotted red line
shows the 1.4 GHz flux function predicted by Cassano et al.
(2012). The solid blue line represents the 158 MHz flux func-
tion for the simulated halos as a comparison. Shaded regions
mark the 68% uncertainties of the simulated radio halos es-
timated from the 500 simulation runs.
vations. To this end, we have collected all currently
observed radio halos (Table B1 in Appendix B; 71 iden-
tified halos and 9 candidates; as of 2018 January). Con-
sidering that current observations are far from complete,
especially at the low-flux end, our strategy is to require
that the flux function of simulated radio halos agrees
with the observed one at the high-flux end.
We have explored various parameter configurations
and, for each configuration, we have repeated the sim-
ulation for 500 times in order to take into account the
distribution variations of bright radio halos across the
sky. By comparing the simulation results with the ob-
served P1400–Mvir scaling relation and the 1.4 GHz flux
function, we finally choose a set of model parameters
with ηe = 0.01%, ηt = 15%, χcr = 1.5%, χturb = 1.5%,
and ζ = 0.1. As shown in Figure 4, the radio halos sim-
ulated by our model with the tuned parameters show a
scaling relation of P1400 ∝ M3.94±0.12vir , which is consis-
tent with the findings of Cassano et al. (2013) on both
the slope and normalization. In Figure 5, we present
the 1.4 GHz flux functions for the simulated radio halos
and the observed halos, which agree with each other at
the high-flux end. The 1.4 GHz flux function given by
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Figure 6. The fraction of clusters with radio halos as a func-
tion of the cluster mass. The blue and purple lines represent
the fraction of halos identified at 158 MHz and 1.4 GHz, re-
spectively.
our tuned model also matches the prediction of Cassano
et al. (2012).
Furthermore, we display the fraction of clusters with
radio halos as a function of the cluster mass in Figure 6.
It clearly shows that more massive clusters tend to have
higher probabilities of hosting radio halos. Meanwhile,
we expect to observe many more radio halos at low fre-
quencies (e.g., ∼ 100–200 MHz), which could be gener-
ated by less intense mergers and have longer lifetimes
(see also Section 2.1.4 and Figure 3).
2.1.7. Sky Map Generation
To generate images for the simulated radio halos, we
adopt an exponential profile for the azimuthally aver-
aged brightness distribution (Murgia et al. 2009):
Iν(θ) = Iν,0 exp(−3 θ/θhalo), (35)
where θ = r/DA(zsim) is the angular radius from the
halo center with DA(zsim) being the angular diameter
distance to the halo and Iν,0 = 9S(ν)/(2piθ
2
halo) is the
central brightness.
In order to characterize the uncertainty of the num-
ber density of bright radio halos across the sky, we re-
peat the simulation of radio halos for 100 times. The
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Figure 7. An example from the 100 simulation runs showing
the simulated radio halos at 158 MHz. The sky region size is
10◦ × 10◦, and the color bar is in units of K.
medians and the corresponding 68% uncertainties3 of
the rms brightness temperature are
(
4.21+11.2−2.60
) × 103
mK,
(
1.81+5.28−1.13
) × 103 mK, and (0.85+2.74−0.54) × 103 mK
at 124, 158, and 196 MHz, respectively (Table 1; see
also Figure 7 for an example map of the simulated radio
halos at 158 MHz).
2.2. Other Foreground Components
Following our previous work (Wang et al. 2010), we
have also simulated several other foreground compo-
nents, including the Galactic synchrotron and free-free
emissions as well as the extragalactic point sources, in
order to carry out comparisons of power spectra between
radio halos and other foreground components as an ef-
fort to better characterize the contribution of radio halos
to the low-frequency radio sky.
The Galactic synchrotron map is simulated by ex-
trapolating the Haslam 408 MHz all-sky map as the tem-
plate to lower frequencies with a power-law spectrum.
We make use of the high-resolution version (Nside =
2048, pixel size ∼1.72′) of the Haslam 408 MHz map4,
which was reprocessed by Remazeilles et al. (2015) us-
3 The 68% uncertainty is derived from the 16th and 84th per-
centiles because they are more robust than the mean and standard
deviation for data with large dispersion.
4 The reprocessed Haslam 408 MHz map: http://www.jb.man.
ac.uk/research/cosmos/haslam map/
ing significantly better instrument calibration and more
accurate subtraction of extragalactic sources. We also
use the all-sky synchrotron spectral index map made by
Giardino et al. (2002) to account for the index varia-
tion with sky positions. The Galactic free-free emission
is deduced from the Hα survey data (Finkbeiner 2003),
which is corrected for dust absorption, by employing
the tight relation between the Hα and free-free emis-
sions due to their common origins (see Dickinson et al.
2003, and references therein). Since the Galactic diffuse
emissions vary remarkably across the sky, we simulate
them at position of (R.A., decl.) = (0◦, −27◦), which
locates at a high galactic latitude (b = −78.5◦) and is
expected to be an appropriate choice for this study (see
also Section 3).
The extragalactic point sources are simulated by
taking into account the following five types of sources:
(1) star-forming and starburst galaxies, (2) radio-quiet
AGNs, (3) Fanaroff–Riley type I and type II AGNs, (4)
GHz-peaked spectrum AGNs, and (5) compact steep
spectrum AGNs. We simulate the former three types
of sources by leveraging the simulation results made by
Wilman et al. (2008), and simulate the latter two types
by employing their corresponding luminosity functions
and spectral models. More details can be found in Wang
et al. (2010) and references therein.
The rms brightness temperatures of the Galactic syn-
chrotron emission, Galactic free-free emission, and ex-
tragalactic point sources are listed in Table 1, and ex-
ample maps simulated at 158 MHz for these components
are shown in Figure 8.
2.3. EoR Signal
The sky maps of the EoR signal are created using the
2016 data release from the Evolution Of 21 cm Structure
project5, which has made use of the 21cmFAST to simu-
late the cosmic reionization process from redshift 86.5 to
5.0 inside a large cube that is 1.6 comoving Gpc (1024
cells) along each side (Mesinger et al. 2016). We extract
the image slices at needed frequencies (i.e., redshifts)
from the light-cone cubes of the recommended “faint
galaxies” case, and then tile and rescale them to have
the same sky coverage and pixel size as our foreground
maps. Figure 9 shows the rms brightness temperatures
of the EoR signal among 120–200 MHz (z = 6.1–10.8).
The corresponding rms brightness temperatures at the
central frequencies of the three adopted bands are given
in Table 1 and the sky map of the EoR signal at 158 MHz
is shown in Figure 10.
5 Evolution Of 21 cm Structure project: http://homepage.sns.
it/mesinger/EOS.html
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Table 1. The rms Brightness Temperatures of All Components (unit: mK)
Component 124 MHz 158 MHz 196 MHz
Radio halos (100 simulations)
(
4.21+11.2−2.60
)× 103 (1.81+5.28−1.13)× 103 (0.85+2.74−0.54)× 103
Galactic synchrotron 4.74× 105 2.52× 105 1.43× 105
Galactic free-free 330 200 130
Point sources 29.7× 107 5.90× 107 1.39× 107
EoR signal 15.1 11.3 3.77
(a) Galactic synchrotron (b) Galactic free-free (c) Point sources
230 240 250 260 270 280 [K] 0.1 0.2 0.3 0.4 0.5 [K] 3 10 31 100 316 [K]
Figure 8. The sky maps of (a) the Galactic synchrotron emission, (b) the Galactic free-free emission, and (c) extragalactic
point sources at 158 MHz. All the maps cover sky region of size 10◦ × 10◦ and have color bars in units of K.
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Figure 9. The rms brightness temperatures of the EoR
signal (solid green line) within 120–200 MHz (z = 6.1–10.8).
The red-shaded regions mark the three adopted frequency
bands (120–128, 154–162, and 192–200 MHz).
3. SIMULATION OF SKA OBSERVATIONS
In order to properly evaluate the contamination of
radio halos on the EoR observations, it is essential to
take account of the practical instrumental effects of ra-
dio interferometers. Therefore, we employ the latest
SKA1-Low layout configuration6 to simulate the SKA
observations of the above sky maps. According to this
layout configuration, the SKA1-Low interferometer con-
sists of 512 stations, with 224 of them randomly dis-
tributed within the “core” of 1000 m in diameter, while
the remaining stations are grouped into “clusters” and
placed on three spiral arms extending up to a radius of
∼35 km. Each station has 256 antennas randomly dis-
tributed with a minimum separation of dmin = 1.5 m
inside a circular region of 35 m in diameter (e.g., Mort
et al. 2017).
The 8 MHz bandwidth of each frequency band is
divided into 51 channels for a frequency resolution of
6 SKA1-Low Configuration Coordinates:
https://astronomers.skatelescope.org/wp-content/uploads/2016/
09/SKA-TEL-SKO-0000422 02 SKA1
LowConfigurationCoordinates-1.pdf (released on 2016 May 31)
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Figure 10. The sky map of the EoR signal at 158 MHz.
The sky region size is 10◦ × 10◦ and the color bar is in units
of mK.
160 kHz. For each component, we simulate the input
sky maps at every frequency channel, and then use the
OSKAR7 simulator (Mort et al. 2010) to perform obser-
vations for 6 hr. The input sky maps are centered at
sky position of (R.A., decl.) = (0◦, −27◦), which passes
through the zenith of the SKA1-Low telescope and is
an ideal choice for the simulation of SKA observations.
The simulated visibility data are imaged through the
WSClean8 imager (Offringa et al. 2014) using Briggs’
weighting with a robustness of zero (Briggs 1995), and
the images created are cropped to keep only the cen-
tral regions because the marginal regions suffer from the
problem of insufficient CLEAN. As the telescope’s field
of view (FoV) is inversely proportional to the observ-
ing frequency, we choose to keep the central 6◦ × 6◦,
5◦ × 5◦, and 4◦ × 4◦ regions in the 120–128, 154–162,
and 192–200 MHz frequency bands, respectively.
The Galactic synchrotron and free-free emissions are
combined for the simulated observations because they
have similar diffuse features. Similar to the real-time
peeling of the brightest point sources in practical data
analysis pipelines (e.g., Mitchell et al. 2008; Intema
et al. 2009; Mort et al. 2017), we assume that ex-
tragalactic point sources with a 158 MHz flux density
7 OSKAR: https://github.com/OxfordSKA/OSKAR (v2.7.0)
8 WSClean: https://sourceforge.net/p/wsclean (v2.6)
S158 > 50 mJy are removed (e.g., Liu et al. 2009; Pin-
dor et al. 2011). Thus, the rms brightness temperatures
of point sources are significantly reduced to be about
(22.5, 9.81, and 4.75)× 104 mK at 124, 158, and 196
MHz, respectively. In addition, we create the foreground
image cubes in each frequency band using the CLEAN
algorithm with joined-channel deconvolution in order
to ensure the spectral smoothness (Offringa & Smirnov
2017), which is crucial to extract the faint EoR signal in
the presence of overwhelming foreground contamination.
For the EoR signal, we directly use the dirty images be-
cause the CLEAN algorithm is not well applicable to
such faint and diffuse emissions. Hence we obtain the
SKA “observed” image cubes of the EoR signal, radio
halos, the Galactic diffuse emission (with synchrotron
and free-free emissions combined), and the extragalactic
point sources (with the brightest ones removed) in the
120–128, 154–162, and 192–200 MHz frequency bands.
4. POWER SPECTRA AND EOR WINDOW
In order to characterize the contamination of radio
halos on the EoR observations in terms of both fore-
ground removal and avoidance methods, we utilize the
power spectra and EoR window to compare the pow-
ers of radio halos with the EoR signal as well as other
foreground components. The redshifted 21 cm signal ex-
pected to be observed at different frequencies represents
a three-dimensional (3D) data cube, where the two spa-
tial dimensions describe the transverse distances across
the sky and the frequency dimension maps to the line-
of-sight distance. Within a limited redshift range (e.g.,
∆z ∼ 0.5, corresponding to a frequency bandwidth of
∼8 MHz at 158 MHz) during the EoR, the evolution ef-
fect of the universe is minor and the H i distribution is
believed to be isotropic. The corresponding 3D power
spectrum P (kx, ky, kz) of the EoR signal should have
spherical symmetry and can be averaged in spherical
shells of radii k, yielding the one-dimensional (1D) power
spectrum P (k), which effectively increases the signal-
to-noise ratio compared to direct imaging observations
(Morales & Hewitt 2004; Morales et al. 2006; Datta et al.
2010). The dimensionless variant of the 1D power spec-
trum ∆2(k) = P (k) k3/(2pi2) is more commonly used
in the literature. To suppress the significant side lobes
in the Fourier transform caused by the sharp discon-
tinuities at the ends of the finite frequency band, we
apply the Blackman–Nuttall window function to the fre-
quency dimension before calculating the power spectra
(e.g., Trott & Tingay 2015; Chapman et al. 2016).
Since the two angular dimensions and the frequency
dimension of the image cubes of foreground continuum
emissions are independent, which is different from the
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image cube of the redshifted 21 cm signal, it is appro-
priate to average the 3D power spectrum P (kx, ky, kz)
over angular annuli of radii k⊥ ≡
√
k2x + k
2
y for each line-
of-sight plane k‖ ≡ kz, which yields the two-dimensional
(2D) power spectrum P (k⊥, k‖). In the (k⊥, k‖) plane,
the spectral-smooth foreground emissions are supposed
to reside in the low-k‖ region, although complicated in-
strumental and observational effects (e.g., chromatic pri-
mary beams, calibration errors) can throw some of the
foreground contamination from the purely angular (k⊥)
modes into the line-of-sight (k‖) dimension (i.e., mode
mixing), which results in an expanded wedge-like con-
tamination region at the bottom right in the (k⊥, k‖)
plane (i.e., foreground wedge; Datta et al. 2010; Morales
et al. 2012; Liu et al. 2014). The region almost free of
the foreground contamination, namely the EoR window,
is preserved at the top left in the (k⊥, k‖) plane and is
described with
k‖ ≥ H(z)DM (z)
(1 + z)c
[
k⊥ sin Θ +
2piwf21
(1 + z)DM (z)B
]
(36)
(Thyagarajan et al. 2013), where B = 8 MHz is the fre-
quency bandwidth of the image cube, f21 = 1420.4 MHz
is the rest-frame frequency of the 21 cm line, z =
f21/fc−1 is the signal redshift corresponding to the cen-
tral frequency (fc) of the image cube, H(z) is the Hub-
ble parameter at redshift z [see Equation (A4)], DM (z)
is the transverse comoving distance, w denotes the num-
ber of characteristic convolution widths (∝ B−1) for the
spillover region caused by the variations in instrumen-
tal frequency response, and Θ is the angular distance of
foreground sources from the field center.
5. RESULTS
We evaluate the contamination of radio halos on
the EoR observations for both foreground removal and
avoidance methods. First, we calculate the 1D power
spectra and compare the powers of radio halos with the
EoR signal, which illustrates the impacts of radio halos
with the foreground removal methods. Next, we calcu-
late the 2D power spectra and carry out the comparison
between radio halos and the EoR signal inside the EoR
window, from which we evaluate the effects imposed by
radio halos in adopting the foreground avoidance meth-
ods to extract the EoR signal.
5.1. 1D Power Spectra
We calculate the 1D dimensionless power spectra
∆2(k) for each image cube obtained in Section 3. For
radio halos, we make use of all 100 simulation runs (Sec-
tion 2.1) to estimate the median power spectra and the
corresponding 68% uncertainties. The comparisons of
the power spectra ∆2(k) between radio halos and the
EoR signal in each frequency band are displayed in Fig-
ure 11, where we also show the power spectra of Galac-
tic diffuse emission and extragalactic point sources for
comparison. The median power spectra (solid red lines)
show that radio halos are generally more luminous than
the EoR signal by about 104, 103, and 102.5 times on
scales of 0.1 Mpc−1 < k < 2 Mpc−1 in the 120–128,
154–162, and 192–200 MHz bands, respectively. Given
the large uncertainties in, e.g., brightness and number
density, of radio halos, the power spectra can vary by
about 10–100 times with respect to the median values
within the 68% uncertainties (red-shaded regions). We
also find that, although on large scales (k . 0.1 Mpc−1)
the Galactic foreground is the strongest contaminat-
ing source, its power deceases rapidly as the scale be-
comes smaller and is weaker than the median power
of radio halos by a factor of about 10–100 on scales
of 0.5 Mpc−1 . k . 1 Mpc−1 in all the three bands.
These results evidently show that radio halos are severe
foreground contaminating sources. Moreover, it can be
a major challenge to accurately model and remove ra-
dio halos, due to their diffuse and relatively complicated
morphologies.
5.2. 2D Power Spectra
We take the 154–162 MHz band as an example and
show in Figure 12 the 2D power spectra P (k⊥, k‖) of the
EoR signal, radio halos (the median power spectrum
of the 100 simulation runs), Galactic diffuse emission,
and extragalactic point sources. We find that, as shown
in many previous works, the EoR signal distributes its
power across all k‖ modes, illustrating its rapid fluc-
tuations along the line-of-sight dimension, while the
spectral-smooth foreground components dominate only
in the low-k‖ regions (k‖ . 0.2 Mpc−1). With regard
to the angular dimension, the power of radio halos ap-
pears in the range of k⊥ . 1 Mpc−1, showing a concen-
tration on the intermediate scales of k⊥ ∼ 0.5 Mpc−1.
Meanwhile, the powers of Galactic diffuse emission and
extragalactic point sources dominate on the large scales
of k⊥ . 0.1 Mpc−1 and a broad angular scales of k⊥ &
0.1 Mpc−1, respectively. These results are also consis-
tent with Figure 11(b).
In order to better evaluate the importance of radio
halos as foreground contaminating sources, we calculate
the 2D power spectrum ratios R(k⊥, k‖) that are ob-
tained by dividing the median 2D power spectra of ra-
dio halos by those of the EoR signal in each frequency
band. We find that, as shown in Figure 13, the EoR
measurements will be significantly affected by radio ha-
los on angular scales of & 0.1 Mpc−1, & 0.3 Mpc−1,
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Figure 12. The 154–162 MHz 2D power spectra P (k⊥, k‖)
of (a) the EoR signal, (b) radio halos (median of the 100
simulation runs), (c) Galactic diffuse emission, and (d) ex-
tragalactic point sources. All panels share the same log-
arithmic scale in units of [mK2 Mpc3]. The dashed white
lines mark the boundary between the EoR window (at the
top left) and the contaminating wedge (at the bottom right).
and & 0.5 Mpc−1 in the 120–128, 154–162, and 192–200
MHz bands, respectively. It is also clearly shown that
radio halos turn to cause stronger contamination at
lower frequencies (∼120 MHz) than at higher frequen-
cies (∼200 MHz).
To further quantify the contamination caused by ra-
dio halos when foreground avoidance methods are ap-
plied, we need to appropriately define an EoR window in
the (k⊥, k‖) plane to avoid the heavily contaminated ar-
eas and then compare the powers of radio halos and the
EoR signal derived inside the window. We have tested
multiple parameter configurations (w, Θ) as defined in
Equation (36), and find that when w = 3 and Θ being
about 1.5 times the SKA1-Low’s FoV (i.e., Θ = 7.5◦,
6.0◦, and 4.8◦ in 120–128, 154–162, and 192–200 MHz
bands, respectively) are used, a conservative EoR win-
dow boundary can be defined to well avoid the contami-
nating wedge (Figures 12 and 13). However, a significant
part (about 45%, 46%, and 60% in 120–128, 154–162,
and 192–200 MHz bands, respectively) of the power of
the EoR signal is lost in the excised wedges. By aver-
aging the modes only inside the defined EoR window,
we calculate the 1D power spectrum ratios Reorw(k) of
radio halos to the EoR signal and present the results in
Figure 14. We find that, compared to Figure 11, the
1D power ratios inside the EoR window Reorw(k) are
suppressed by about four orders of magnitude, which
demonstrates that the EoR window is a powerful tool
in detecting the EoR signal. For example, Reorw(k) on
scales of k ∼ 1 Mpc−1 are generally about 45%, 6%, and
2% in the 120–128, 154–162, and 192–200 MHz bands,
respectively. However, the power of radio halos leaked
into the EoR window can still be significant, consider-
ing that Reorw(k) on scales of 0.5 Mpc
−1 . k . 1 Mpc−1
16 Li et al.
0.05 0.10 0.20 0.50 1.00
k⟂  [Mpc−1]
0.1
0.2
0.4
0.8
k ||
 [
Mp
c−
1 ]
(a) 120-128 [MHz]
0.05 0.10 0.20 0.50 1.00
k⟂  [Mpc−1]
0.1
0.2
0.5
1.0
(b) 154-162 [MHz]
0.05 0.10 0.20 0.50 1.00
k⟂  [Mpc−1]
0.1
0.2
0.5
1.0
(c) 192-200 [MHz]
Ratio
10−3
10−2
10−1
100
101
102
Figure 13. The 2D power spectrum ratios R(k⊥, k‖) of radio halos to the EoR signal in the (a) 120–128 MHz, (b) 154–162 MHz,
and (c) 192–200 MHz frequency bands. The median 2D power spectrum of 100 simulation runs for radio halos is used. All
panels use the same color bar in logarithmic scale. The dashed white lines mark the EoR window boundaries.
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Figure 14. The 1D power ratios Reorw(k) inside the EoR
window of radio halos to the EoR signal. The solid lines and
shaded regions show the median values and corresponding
68% uncertainties, respectively.
can be up to about 230–800%, 18–95%, and 7–40% in
the three frequency bands within the 68% uncertainties
(shaded regions).
Based on the above results, we conclude that radio
halos are severe foreground contaminating sources to
EoR observations. Even inside the EoR window where
most of the strong foreground contamination is avoided,
radio halos can still imprint non-negligible contamina-
tion on the EoR measurements, especially at lower fre-
quencies (∼120 MHz). Careful treatments of radio halos
as well as other foreground contaminating sources would
be indispensable for obtaining an EoR window that is
not only sufficiently clean but also as large as possible
to preseve maximum information of the EoR signal.
6. DISCUSSION
In practical observations with low-frequency radio
interferometers, the situations are much more compli-
cated than our simulations. For example, calibration
uncertainties (e.g., insufficient sky modeling) as well as
other complicated instrumental and observational effects
(e.g., cable signal reflections, ionospheric distortions)
can cause frequency artifacts in the derived image cubes.
Foreground sources located in the side lobes of the sta-
tion beam can also significantly reduce the imaging dy-
namical range and quality. In this section, we investi-
gate how the EoR measurements are affected in these
two situations if the contamination of radio halos is not
properly removed.
6.1. Impacts of Frequency Artifacts
The smoothness along the frequency dimension is the
most crucial feature of various foreground components
and is the key to extract the faint EoR signal. How-
ever, frequency artifacts may present in the obtained
image cubes due to calibration uncertainties and vari-
ous instrumental and observational effects, which break
the spectral smoothness of the foreground emission and
hence damage the EoR measurements.
To evaluate the influence of the frequency artifacts
on the power spectra, we multiply each slice of the im-
age cube by a random number drawn from a Gaussian
distribution with unity mean and then compare the re-
sulting power spectra (Chapman et al. 2016). Some sim-
ulation and observation studies have suggested that the
residual calibration errors in frequency channels may be
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Figure 15. The 2D power spectrum ratios Rarti(k⊥, k‖) of radio halos that are obtained between the modified image cubes with
frequency artifacts and the original ones. All the 100 simulation runs for radio halos are used to derive the median 2D power
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about 0.1%–1% (e.g., Barry et al. 2016; Beardsley et al.
2016; Ewall-Wice et al. 2017). We thus investigate two
extreme cases here: a frequency artifact of amplitude
Aarti = 0.1% by using σ = 0.001 for the Gaussian dis-
tribution and a frequency artifact of Aarti = 1% with
σ = 0.01.
For each of the 100 simulation runs for radio halos,
we calculate the 2D power spectrum ratios Rarti(k⊥, k‖)
of the modified image cube with the frequency artifact to
the original one (Section 3), and present the median 2D
power spectrum ratios obtained in the 120–128, 154–162,
and 192–200 MHz bands with either Aarti = 0.1% or 1%
in Figure 15. We find that, when the frequency arti-
fact is added, the resulting 2D power spectra are seri-
ously damaged in all three frequency bands. On scales
of k⊥ . 0.2 Mpc−1 and k‖ & 0.3 Mpc−1, adding fre-
quency artifact of Aarti = 0.1% causes the power of
radio halos to be about 17, 15, and 13 times stronger
in the 120–128, 154–162, and 192–200 MHz bands, re-
spectively, and the corresponding power increases are
about 1700, 1500, and 1300 times for frequency artifact
of Aarti = 1%. As a comparison, we add the same fre-
quency artifacts (Aarti = 0.1% and 1%) to the image
cubes of the EoR signal, but find that the changes in
the calculated 2D power spectra are negligible. This
is because the EoR signal already fluctuates remarkably
along the frequency dimension. Consequently, even very
minor (∼ 0.1%) instrumental or calibration errors can
make the contamination of radio halos become much
stronger, particularly inside the critical EoR window.
These results further support our conclusion made in
Section 5.2 that radio halos are important foreground
sources and must be carefully dealt with in EoR exper-
iments.
6.2. Impacts of Far Side Lobes
Phased arrays, which are widely used in low-
frequency radio interferometers (e.g., LOFAR, MWA,
SKA1-Low), usually have complicated beam profiles.
Sources far from the main lobe of the station beam can
introduce noise-like corruptions, known as the far side-
lobe confusion noise (FSCN; Smirnov et al. 2012), to
images through the multitude of side lobes. FSCN will
not decrease once the uv coverage of the observation no
longer improves, and can be the limiting factor in the
noise performance of interferometers (Mort et al. 2017).
To investigate the impacts of FSCN contributed by
the radio halos located in the far side lobes of the station
beam, we have generated the corresponding sky model
for the OSKAR simulator, which evaluates the radio inter-
ferometer measurement equation (Smirnov 2011) and is
able to perform full-sky simulations with realistic beam
profiles. More details about the beam shapes and side-
lobe properties of the SKA1-Low can be found in Mort
et al. (2017). As an example, we simulate the radio ha-
los in the 154–162 MHz band that cover the sky from
the edge of the second side lobe (φ ∼ 10◦ from the field
center) to the horizon (φ = 90◦). This emulates an ideal
CLEAN procedure in practical data analysis that re-
moves all the radio halos in both the main lobe and the
first side lobe but leaves the ones in the far side lobes.
Using the OSKAR simulator and the WSClean imager as
described in Section 3, we obtain the dirty images of the
central 5◦ × 5◦ region and then calculate the 2D power
spectrum.
In Figure 16, we present the 2D power spectrum
of the FSCN contributed by radio halos and the cor-
responding 2D power spectrum ratio of the FSCN to
the EoR signal. We find that the FSCN contamination
is very strong as its power can be about 20 times the
power of the EoR signal on scales of k⊥ ∼ 0.3 Mpc−1 and
k‖ ∼ 1.0 Mpc−1. The wedge-shaped contamination re-
gion moves toward the top left in the (k⊥, k‖) plane and
greatly reduces the EoR window. In order to effectively
avoid the FSCN contamination, we are forced to employ
a much more conservative EoR window boundary, such
as the one defined with Θ = 90◦ as marked in Figure 16
with solid white line, at the cost of losing a remarkably
larger portion of the EoR signal. In consequence, the se-
rious FSCN contamination makes the selection of EoR
sky region a more challenging task since, in principle,
neither bright radio halos nor other strong sources are
allowed in both the main and side lobes. A highly accu-
rate foreground model is hence crucial to mitigate the
impacts of FSCN.
7. SUMMARY
Based on the Press–Schechter formalism and merger-
induced turbulent reacceleration model, we have simu-
lated the emission maps of radio halos, for which we
have incorporated the SKA1-Low’s instrumental effects
by utilizing its latest layout configuration. By carrying
out detailed comparisons of power spectra between radio
halos and the EoR signal as well as the Galactic diffuse
emission and extragalactic point sources in the 120–128,
154–162, and 192–200 MHz bands, we have shown that
radio halos are severe contaminating sources, especially
toward lower frequencies (∼120 MHz). Even inside the
properly defined EoR windows, radio halos can still be
non-negligible contaminating sources to EoR observa-
tions. Moreover, we have investigated the contamina-
tion resulted from frequency artifacts and radio halos
located inside the far side lobes, both of which support
our conclusion that radio halos are severe foreground
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contaminating sources and need careful treatments in
the forthcoming deep EoR observations.
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APPENDIX
A. SUPPLEMENTAL FORMULAS
In a flat ΛCDM cosmology as adopted in this work, the critical linear overdensity as a function of redshift z is
(Kitayama & Suto 1996; Randall et al. 2002)
δc(z) =
D(z = 0)
D(z)
3
20
(12pi)2/3 [1 + 0.0123 log10 Ωf (z)] , (A1)
where Ωf (z) is the mass density ratio at redshift z defined as
Ωf (z) =
Ωm(1 + z)
3
Ωm(1 + z)3 + ΩΛ
, (A2)
and D(z) is the growth factor given by (Peebles 1980, equation (13.6))
D(x) =
(x3 + 2)1/2
x3/2
∫ x
0
y3/2(y3 + 2)−3/2 dy, (A3)
with x0 ≡ (2ΩΛ/Ωm)1/3 and x = x0/(1 + z).
The Hubble parameter at redshift z is
H(z) = H0E(z) = H0
√
Ωm(1 + z)3 + ΩΛ , (A4)
where E(z) is the redshift evolution factor (Hogg 1999).
The virial radius of a galaxy cluster at a redshift of z is given by
rvir =
[
3Mvir
4pi∆vir(z)ρcrit(z)
]1/3
, (A5)
where Mvir is the virial mass of the cluster, ρcrit(z) = 3H
2(z)/(8piG) is the critical density, G being the gravitational
constant, and ∆vir(z) is the virial overdensity given by (e.g., Bryan & Norman 1998)
∆vir(z) = 18pi
2 + 82x− 39x2, (A6)
where x ≡ Ωf (z)− 1.
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B. COLLECTION OF CURRENTLY OBSERVED RADIO HALOS
Table B1. Currently Observed 71 Radio Halos and 9 Candidates (As of 2018 January)
Cluster Redshift kpc/′′ Size S1.4GHz P1.4GHz Notes References
(Mpc) (mJy) (1024 W Hz−1)
(1) (2) (3) (4) (5) (6) (7) (8)
1E 0657−56 0.2960 4.38 1.48 78.0± 5.0 21.33± 1.49 Liang et al. (2000)
Abell 141 0.2300 3.64 1.20 1.3± 0.1a 0.25± 0.02 Duchesne et al. (2017)
Abell 209 0.2060 3.34 1.40 16.9± 1.0 2.04± 0.12 +cR Giovannini et al. (2009)
Abell 399 0.0718 1.35 0.57 16.0± 2.0 0.20± 0.03 Murgia et al. (2010)
Abell 401 0.0737 1.38 0.49 17.0± 1.0 0.20± 0.01 Bacchi et al. (2003)
Abell 520 0.1990 3.25 0.99 34.4± 1.5 3.17± 0.14 Govoni et al. (2001)
Abell 521 0.2533 3.91 1.17 5.9± 0.5 1.12± 0.09 +R Giovannini et al. (2009)
Abell 523 0.1000 1.82 1.30 59.0± 5.0 1.47± 0.12 Giovannini et al. (2011)
Abell 545 0.1540 2.64 0.81 23.0± 1.0 1.25± 0.05 Bacchi et al. (2003)
Abell 665 0.1818 3.03 1.66 43.1± 2.2 3.28± 0.17 Giovannini & Feretti (2000)
Abell 697 0.2820 4.23 0.75 5.2± 0.5 2.20± 0.21 van Weeren et al. (2011)
Abell 746 0.2320 3.67 0.85 18.0± 4.0 3.80± 0.84 +R van Weeren et al. (2011)
Abell 754 0.0542 1.04 0.95 86.0± 4.0 0.56± 0.03 +R Bacchi et al. (2003)
Abell 773 0.2170 3.48 1.13 12.7± 1.3 1.39± 0.14 Govoni et al. (2001)
Abell 781 0.3004 4.42 1.60 20.5± 5.0 5.90± 1.44 +cR Govoni et al. (2011)
Abell 800 0.2223 3.55 1.28 10.6± 0.9 1.52± 0.13 Govoni et al. (2012)
Abell 851 0.4069 5.40 1.08 3.7± 0.3 2.14± 0.17 Giovannini et al. (2009)
Abell 1132 0.1369 2.39 0.74 3.3± 1.5 0.16± 0.07 Wilber et al. (2018)
Abell 1213 0.0469 0.91 0.22 72.2± 3.5 0.36± 0.02 Giovannini et al. (2009)
Abell 1300 0.3100 4.52 0.92 20.0± 2.0 2.99± 0.30 +R Reid et al. (1999)
Abell 1351 0.3220 4.64 1.08 32.4± · · · 11.37± · · · Giacintucci et al. (2009b)
Abell 1443 0.2700 4.10 1.10 11.0± 1.1b 2.53± 0.30 cH Bonafede et al. (2015)
Abell 1451 0.1989 3.25 0.74 5.4± 0.5 0.62± 0.07 +cR Cuciti et al. (2018)
Abell 1550 0.2540 3.92 1.41 7.7± 1.6 1.49± 0.31 Govoni et al. (2012)
Abell 1656 0.0232 0.46 0.58 530.0± 50.0 0.31± 0.03 +cR Kim et al. (1990)
Abell 1682 0.2272 3.61 0.85 2.3± 0.5c 0.41± 0.08 cH Macario et al. (2013)
Abell 1689 0.1832 3.05 0.73 10.0± 2.9 0.92± 0.27 Vacca et al. (2011)
Abell 1758A 0.2790 4.20 0.63 3.9± 0.4 0.93± 0.10 +R Giovannini et al. (2009)
Abell 1914 0.1712 2.88 1.16 64.0± 3.0 4.32± 0.20 Bacchi et al. (2003)
Abell 1995 0.3186 4.61 0.83 4.1± 0.7 1.35± 0.23 Giovannini et al. (2009)
Abell 2034 0.1130 2.03 0.60 7.3± 2.0 0.28± 0.08 +R van Weeren et al. (2011)
Abell 2061 0.0784 1.46 1.68 16.9± 4.2 0.25± 0.06 +R Farnsworth et al. (2013)
Abell 2065 0.0726 1.36 1.08 32.9± 11.0 0.41± 0.14 Farnsworth et al. (2013)
Abell 2069 0.1160 2.08 0.90 6.2± 2.2d 0.25± 0.05 Drabent et al. (2015)
Abell 2142 0.0909 1.67 0.99 11.8± 0.8 1.12± 0.08 Venturi et al. (2017)
Abell 2163 0.2030 3.31 2.04 155.0± 2.0 14.93± 0.20 +R Feretti et al. (2001)
Abell 2218 0.1710 2.88 0.35 4.7± 0.1 0.32± 0.01 Giovannini & Feretti (2000)
Abell 2219 0.2256 3.59 1.54 81.0± 4.0 9.72± 0.48 Bacchi et al. (2003)
Abell 2254 0.1780 2.98 0.85 33.7± 1.8 2.43± 0.13 Govoni et al. (2001)
Abell 2255 0.0806 1.50 0.90 56.0± 3.0 0.87± 0.05 +R Govoni et al. (2005)
Abell 2256 0.0594 1.13 0.81 103.4± 1.1 0.82± 0.01 +R Clarke & Ensslin (2006)
Abell 2294 0.1780 2.98 0.54 5.8± 0.5 0.51± 0.04 Giovannini et al. (2009)
Abell 2319 0.0524 1.01 0.93 153.0± 8.0 0.54± 0.03 Feretti et al. (1997)
Abell 2680 0.1901 3.14 0.57 1.8± 0.6e 0.16± 0.05 cH Duchesne et al. (2017)
Abell 2693 0.1730 2.91 0.65 7.7± 0.9f 0.61± 0.07 cH Duchesne et al. (2017)
Abell 2744 0.3080 4.50 1.62 57.1± 2.9 12.89± 0.65 +R Govoni et al. (2001)
Table B1 continued
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Table B1 (continued)
Cluster Redshift kpc/′′ Size S1.4GHz P1.4GHz Notes References
(Mpc) (mJy) (1024 W Hz−1)
(1) (2) (3) (4) (5) (6) (7) (8)
Abell 2811 0.1080 1.95 0.48 3.4± 0.7g 0.10± 0.02 Duchesne et al. (2017)
Abell 3411 0.1687 2.85 0.90 4.8± 0.5 0.46± 0.05 +R van Weeren et al. (2013)
Abell 3562 0.0480 0.93 0.44 20.0± 2.0 0.10± 0.01 Venturi et al. (2003)
Abell 3888 0.1510 2.60 0.99 27.6± 3.1 1.85± 0.19 Shakouri et al. (2016)
Abell S84 0.1080 1.95 0.49 2.1± 0.3h 0.06± 0.01 cH Duchesne et al. (2017)
Abell S1121 0.3580 4.98 1.25 9.8± 3.1h 4.54± 1.44 Duchesne et al. (2017)
ACT-CL J0102−4915 0.8700 7.73 2.17 10.7± 1.1i 44.43± 1.28 +2R Lindner et al. (2014)
ACT-CL J0256.5+0006 0.3430 4.84 0.79 2.1± 0.5i 0.97± 0.29 Knowles et al. (2016)
CIZA J0107.7+5408 0.1066 1.93 1.10 55.0± 5.0 1.80± 0.16 van Weeren et al. (2011)
CIZA J0638.1+4747 0.1740 2.92 0.59 3.6± 0.2 0.30± 0.02 Cuciti et al. (2018)
CIZA J1938.3+5409 0.2600 3.99 0.72 1.6± 0.2b 0.36± 0.05 Bonafede et al. (2015)
CIZA J2242.8+5301 0.1921 3.16 1.77 33.5± 6.2j 3.40± 0.97 +2R Govoni et al. (2012)
ClG 0016+16 0.5456 6.37 0.77 5.5± · · · 4.42± · · · Giovannini & Feretti (2000)
ClG 0217+70 0.0655 1.24 0.73 58.6± 0.9 0.54± 0.01 +2R Brown et al. (2011)
ClG 1446+26 0.3700 5.09 1.22 7.7± 2.6 3.57± 1.21 +R Govoni et al. (2012)
ClG 1821+64 0.2990 4.41 1.10 13.0± 0.8k 3.70± 0.10 Bonafede et al. (2014b)
MACS J0416.1−2403 0.3960 5.31 0.64 1.7± 0.8l 1.26± 0.29 Pandey-Pommier et al. (2015)
MACS J0520.7−1328 0.3400 4.81 0.80 9.0± 1.6 3.38± 0.60 +cH Macario et al. (2014)
MACS J0553.4−3342 0.4070 5.40 1.32 9.2± 0.7b 6.73± 0.61 Bonafede et al. (2012)
MACS J0717.5+3745 0.5458 6.37 1.20 118.0± 5.0 50.00± 10.00 +R van Weeren et al. (2009)
MACS J0949.8+1708 0.3825 5.20 1.04 3.1± 0.3b 1.63± 0.15 Bonafede et al. (2015)
MACS J1149.5+2223 0.5444 6.36 1.32 1.2± 0.5 1.95± 0.93 +cH, +2R Bonafede et al. (2012)
MACS J1752.0+4440 0.3660 5.05 1.65 14.2± 1.4m 9.50± 0.91 +2R van Weeren et al. (2012)
MACS J2243.3−0935 0.4470 5.71 0.91 3.1± 0.6n 3.11± 0.58 +cR Cantwell et al. (2016)
PLCK G147.3−16.6 0.6500 6.92 1.80 2.5± 0.4o 5.10± 0.80 van Weeren et al. (2014)
PLCK G171.9−40.7 0.2700 4.10 0.99 18.0± 2.0 4.76± 0.10 Giacintucci et al. (2013)
PLCK G285.0−23.7 0.3900 5.26 0.73 2.9± 0.4p 1.67± 0.21 Martinez Aviles et al. (2016)
PLCK G287.0+32.9 0.3900 5.26 1.30 8.8± 0.9 5.10± 0.51 +2R Bonafede et al. (2014a)
PSZ1 G108.18−11.53 0.3347 4.77 0.84 6.8± 0.2 2.72± 0.10 +2R de Gasperin et al. (2015)
RXC J1234.2+0947 0.2290 3.63 0.92 2.0± · · · 0.30± · · · cH Govoni et al. (2012)
RXC J1314.4−2515 0.2474 3.85 1.27 20.3± 0.8 1.45± 0.06 +2R Feretti et al. (2005)
RXC J1514.9−1523 0.2226 3.55 1.38 10.0± 2.0 1.65± 0.33 Giacintucci et al. (2011)
RXC J2003.5−2323 0.3171 4.59 1.38 35.0± 2.0 11.96± 0.68 Giacintucci et al. (2009a)
RXC J2351.0−1954 0.2477 3.85 0.64 4.5± 0.9q 0.89± 0.18 +cH Duchesne et al. (2017)
Note—(a) Extrapolated from 168 MHz with spectral index α = 2.1; (b) Extrapolated from 323 MHz with spectral index α = 1.3; (c) Extrapolated
from 153 MHz with spectral index α = 1.7; (d) Extrapolated from 346 MHz with spectral index α = 1.0; (e) Extrapolated from 168 MHz with
spectral index α = 1.2; (f) Extrapolated from 168 MHz with spectral index α = 0.88; (g) Extrapolated from 168 MHz with spectral index α = 1.5;
(h) Extrapolated from 168 MHz with spectral index α = 1.3; (i) Extrapolated from 610 MHz with spectral index α = 1.2; (j) Extrapolated from
145 MHz with spectral index α = 1.03; (k) Extrapolated from 325 MHz with spectral index α = 1.04; (l) Extrapolated from 340 MHz with spectral
index α = 1.5; (m) Extrapolated from 1714 MHz with spectral index α = 1.1; (n) Extrapolated from 610 MHz with spectral index α = 1.4; (o)
Extrapolated from 610 MHz with spectral index α = 1.3; (p) Extrapolated from 1867 MHz with spectral index α = 1.3; (q) Extrapolated from
168 MHz with spectral index α = 1.4.
Columns: (1) galaxy cluster name; (2) redshift; (3) kpc per arcsec at the cluster’s redshift (converted to our adopted cosmology); (4) largest
linear size of the radio halo, in units of Mpc; (5) 1.4 GHz flux density; (6) 1.4 GHz radio power (converted to our adopted cosmology); (7)
additional notes (cH, halo candidate; +R, with single relic; +cR, with single relic candidate; +2R, with double relics); (8) references to the
quoted properties.
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